1. Introduction {#s1}
===============

The granulocyte-macrophage colony-stimulating factor (GM-CSF) is a hematopoietic colony-stimulating factor and proinflammatory cytokine^[@R11],[@R43]^ with pleiotropic effects in innate and adaptive immunity. Its biological effects follow binding to the cell surface receptor granulocyte-macrophage colony-stimulating factor receptor α (GM-CSFR), composed of the binding site GM-CSFRα and the signalling β chains.^[@R36]^

Kuner et al. have pioneered studies on the role of GM-CSFR in pain models.^[@R5],[@R40],[@R43]^ Granulocyte-macrophage colony-stimulating factor receptor activation in sensory nerves results in neurite sprouting, sensitization to nociceptive stimuli, and nerve hypertrophy, with altered transcription of several key genes encoding proinflammatory chemokines in mouse dorsal root ganglion (DRG) neurons, including *Ccl3*, *Ccl5*, insulin-like growth factor 1 (*Igf1*), vascular endothelial growth factor A (*Vegfa*), transcript variant 2, TNFα, and the nociceptor TRPV1, through signalling pathways including JAK/STAT, Src, PLC, PKC, and PKA.^[@R5],[@R43]^ These pathways influence the expression and sensitivity of TRPV1 and Na~v~1.8, which are key determinants of nociceptor excitability. Granulocyte-macrophage colony-stimulating factor receptor expression by normal pancreatic sensory nerves and in pancreatic carcinoma, and the efficacy of nerve-specific knockdown in attenuating tumour-evoked pain in animal models, identified it as an important novel target in cancer pain,^[@R40],[@R43]^ in addition to inflammatory pain.^[@R16]^

A variety of cells including myeloid cells, T cells, B cells, monocytes, macrophages, dendritic cells, fibroblasts, and endothelial cells secrete GM-CSF, which promotes the survival, proliferation, differentiation, and recruitment of myeloid-lineage cells.^[@R17]^ Thus, GM-CSF is routinely used to treat oncohaematological disorders to replenish bone marrow cells after chemotherapy/radiotherapy,^[@R18]^ albeit with worsened outcomes for individuals with rheumatoid arthritis (RA). Human keratinocytes exposed to IL-1,^[@R29],[@R30]^ and a variety of tumours^[@R24]^ also synthesize GM-CSF.

Granulocyte-macrophage colony-stimulating factor was identified as a potential disease-modification target in several inflammatory conditions, with a role in arthritis, because of its increased expression and of other cytokines in the plasma of patients with RA,^[@R47]^ increased GM-CSFR expression in RA synovium,^[@R25]^ and greater efficacy of anti--GM-CSF than anti-TNF in clinical trials for treating RA.^[@R12]^ The absence of collagen-induced arthritis in GM-CSF^−/−^ mice, and dose-dependent reduction of arthritic scores and macrophages with anti--GM-CSFR antibody treatment in a mouse model of arthritis, further supported the GM-CSFR as a therapeutic target in RA.^[@R13]^ The expression of GM-CSFR in osteoarthritis (OA) synovium is not known.

Granulocyte-macrophage colony-stimulating factor can cross the blood--brain and blood--spinal cord barrier,^[@R34]^ with the potential to mediate pronociceptive and pathogenic effects in central nervous system (CNS) inflammation. Proinflammatory roles for this cytokine are indicated in the CNS, where astrocytes synthesize GM-CSF^[@R33]^ to modulate the function of microglia and neurons. Multiple sclerosis (MS) is a chronic CNS inflammatory and demyelinating disease, with central neuropathic pain affecting 63% of patients with MS, which severely compromises their quality of life.^[@R15],[@R22]^

To elucidate the potential role of GM-CSFR in CNS and peripheral inflammatory and neuropathic pain clinical conditions, we examined its expression in the MS spinal cord, injured DRG/peripheral nerves, and OA synovium. We also determined GM-CSFR expression in cultured rat DRG neurons, co-localisation with TRPV1, and its functional effects through pain signalling pathways.^[@R2]--[@R4]^

2. Materials and methods {#s2}
========================

2.1. Antibodies {#s2-1}
---------------

List of antibodies used in this study for human tissues is listed in Table [1](#T1){ref-type="table"}.

###### 

Antibodies used in human tissue studies.
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2.2. Human tissues studied {#s2-2}
--------------------------

A range of tissues were used in this study. Specimens were snap-frozen in liquid nitrogen and stored at −70°C until use or immersed in Zamboni\'s fixative (2% wt/vol formalin, 0.1 M phosphate, and 15% vol/vol saturated picric acid) for 2 hours and stored in phosphate-buffered saline (PBS) containing 15% sucrose and 0.01% azide.

2.3. Spinal cords {#s2-3}
-----------------

Data from tissue obtained from patients diagnosed as suffering from clinically and pathologically definite MS (n = 4) were compared with those from a group of subjects with no neurological disorder (n = 9). All tissue specimens, including MS spinal cords, were obtained from UK tissue banks.

2.4. Dorsal root ganglia and limb nerves {#s2-4}
----------------------------------------

Injured DRG (n = 6) were obtained from patients having surgery for brachial plexus avulsion repair (less than 4 weeks after injury). Control, uninjured DRG (n = 3) were obtained postmortem from UK tissue banks. Specimens of injured limb painful nerves (n = 9) and painful neuromas (n = 9) were obtained from patients undergoing nerve repair (median delay was 27 days, range 4--210 days). Uninjured nerves (n = 7), used as grafts in nerve repair during surgery, served as controls.

2.5. Synovium {#s2-5}
-------------

Synovial joint tissue samples were available from patients with painful knee OA (n = 6) and control postmortem tissues.

All tissue samples used in this study were taken from patients who had given informed consent for use in medical research. Ethical approval was granted by the Riverside Research Ethics Committee, Charing Cross Hospital, London, United Kingdom.

2.6. Immunohistochemistry {#s2-6}
-------------------------

Tissues were embedded in optimum cutting tissue medium (RA Lamb Ltd, Eastbourne, United Kingdom). Tissue sections (15-µm thick) were collected onto poly-[l]{.smallcaps}-lysine (Sigma, Poole, United Kingdom) coated glass slides and postfixed in 4% wt/vol paraformaldehyde in 0.15-M PBS for 30 minutes. Endogenous peroxidase was blocked by incubation in methanol containing 0.3% wt/vol hydrogen peroxide for thirty minutes. After rehydration with PBS buffer, sections were incubated overnight with primary antibody using a range of dilutions. Sites of primary antibody attachment were revealed using nickel-enhanced, avidin-biotin peroxidase (ABC; Vector Laboratories, Peterborough, United Kingdom) as described.^[@R42]^ Sections were counterstained for nuclei in 0.1% wt/vol aqueous neutral red, dehydrated, and mounted in xylene-based mountant (DPX; BDH/Merck, Poole, United Kingdom), before photomicrography. For immunohistochemical co-localisation (double-staining) studies, serial sections of the human MS spinal cord were double-labelled by overnight incubation with a mixture of primary polyclonal antibody to GM-CSFR (C18, dilution 1:2000) and a monoclonal antibody to CD68 (dilution 1:200). Immunoreaction for GM-CSFR was first revealed using the standard nickel-enhanced ABC peroxidase method as above to give a black product, followed by incubation with ABC alkaline phosphatase for a further 1 hour, and the immunoreactivity developed with Fast Red to give a red product. Double-labelled preparations were mounted in Ultramount medium (Vector Labs).

2.7. Analysis of data {#s2-7}
---------------------

Image analysis was performed for the spinal cord from control subjects and patients with MS collected as previously described^[@R48]^ in affected lesion areas of the dorsolateral white matter, the gray matter (GM), typically the ventral horn and the nonaffected white matter (NAWM), typically the dorsal columns.

Nucleated neurons in sensory ganglia (DRG) showing positive GM-CSFR--immunoreactivity were counted in serial sections for each antibody with the cell body diameter assessed using a calibrated microscope eyepiece graticule and expressed as % total.

Nerve samples were assessed quantitatively using computerised image analysis. Serial sections stained for neurofilaments cocktail and GM-CSFR were used for the analysis. Images were captured using an Olympus DP70 camera mounted to an Olympus BX50 microscope and analysed using analySIS (version 5.0) software. Positive immunostaining was highlighted by setting the gray-level detection limits to threshold, and the area of highlighted immunoreactivity obtained as % area of the field scanned and up to 5 fields per tissue section were scanned at the same magnification (×40). Results were expressed as % immunoreactivity.

The Mann--Whitney test was used for statistical analysis (*P* values \<0.05 were considered statistically significant).

2.8. Antibody characterisation and titration {#s2-8}
--------------------------------------------

The 2 antibodies used here, rabbit polyclonal C-18 and mouse monoclonal 4H1, recognise epitopes mapping, respectively, at the C-terminus and α chain of the human GM-CSFR.

To further characterise the 2 GM-CSFR antibodies, they were used to stain a variety of tissues (spinal cord, DRG, nerve, and skin, Table [1](#T1){ref-type="table"}). Specimens used to titrate these antibodies were either fixed before embedding and sectioning or postfixed (after sectioning), and both antibodies initially diluted to final concentrations of 1:100, 1:200, 1:500, 1:1000, and 1:2000. The rabbit polyclonal C-18 antibody to GM-CSFR had an optimal working concentration of 1:2000 (supplementary Figure 1, available at <http://links.lww.com/PR9/A30>). Further titration revealed that concentrations of 1:2000 to 4000 were optimal for the polyclonal antibodies, and 1:10 and 1:25 for the monoclonal 4H1 antibodies. Co-localisation studies of the human MS spinal cord using rabbit polyclonal C-18 antibody to GM-CSFR and a monoclonal antibody to the macrophage marker CD68 showed that all GM-CSFR--positive cells were also positive for CD68 (supplementary Figure 2, available at <http://links.lww.com/PR9/A30>).

2.9. Preabsorption with granulocyte-macrophage colony-stimulating factor receptor peptide {#s2-9}
-----------------------------------------------------------------------------------------

For immunostaining specificity, rabbit antibody to GM-CSFR C18 (sc-690) was preincubated for 5 hours with GM-CSFR peptide antigen, in the range 5 × 10^−2^ to 5 × 10^−9^ mg/mL before immunostaining of the spinal cord or nerve. Preabsorption of GM-CSFR C18 (sc-690) with homologous peptide antigen abolished microglial immunostaining in the human spinal cord at 5 × 10^−2^ mg/mL and 5 × 10^−3^ mg/mL antigen. A gradual return of immunostaining and intensity was observed with decreasing concentrations of peptide antigen, until its full return at 5 × 10^−6^ mg/mL (supplementary Figures 3 and 4, available at <http://links.lww.com/PR9/A30>). Further dilutions of the peptide from 5 × 10^−7^ mg/mL up to 5 × 10^−9^ mg/mL, or PBS alone (vehicle), did not alter staining.

2.10. In vitro studies: preparation of neuronal cultures {#s2-10}
--------------------------------------------------------

Bilateral DRG from all levels were harvested from 6 adult female Wistar rats, 250 g (Charles River UK Ltd, Margate, Kent, United Kingdom), for preparing neuronal cultures as previously described.^[@R2],[@R3]^

2.11. Immunofluorescence {#s2-11}
------------------------

Forty-eight hours after plating, cultures were fixed with 4% paraformaldehyde, for 15 minutes, washed in PBS, permeabilised with methanol (−20°C, 3 minutes), washed in PBS, and incubated with primary antibodies, rabbit anti-PGP9.5 (Ultraclone Ltd, Cambridge, United Kingdom 1:1000), mouse anti--GM-CSFR (1:200, 4H1, SC-21764; Santa Cruz, Dallas, TX), and rabbit anti-TRPV1 (1:500; GSK, Harlow, United Kingdom), for 1 hour at room temperature. This was followed by 3 PBS washes for 5 minutes each before treating with the secondary antibodies, goat anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa fluor 546 (Molecular probes, Life Technologies, Paisley, United Kingdom, 1:400 each), for 45 minutes at room temperature, washed with PBS, and mounted in Citifluor-containing Dabco (antifade agent; Sigma). Images were acquired with a Photometrics HQ2 Coolsnap CCD camera, using standard wide-field fluorescence optics on an Olympus BX43 upright microscope, after confirming the absence of immunostaining in negative controls where the primary antibody had been omitted. Numbers of cells positive for PGP9.5, GM-CSFR, and TRPV1 were counted, and the data exported to Excel software for analysis.

2.12. Calcium imaging {#s2-12}
---------------------

Functional effects of acute recombinant murine GM-CSF treatment on capsaicin responses were determined as previously described.^[@R2]--[@R4]^ Responses to paired capsaicin stimuli were measured in Fura2 AM (Molecular Probes Life Technologies, Paisley, United Kingdom) loaded neurons as a change in the baseline 340/380 λex nm ratio before, during, and after addition. Experiments were conducted at 37°C in a humidified environment on an inverted Nikon microscope (Diaphot 300; Nikon, UK Ltd, Kingston upon Thames, Surrey, United Kingdom) and alternately excited at 340 and 380 nm wavelengths. Neuronal cultures were loaded with the calcium indicator dye Fura 2 AM (Molecular Probes, 2 μM, for 45 minutes at 37°C), in phenol-red--free Hank\'s balanced salt solution, containing 0.1% bovine serum albumin, washed and incubated in Hank\'s balanced salt solution containing 0.5% bovine serum albumin for 20 minutes; baseline changes in bound/unbound calcium ratio (340/380 λex nm), in response to capsaicin stimulation were monitored. Acute effects of recombinant murine GM-CSF (PeproTech 315-03, PeproTech, London, United Kingdom) were determined in neurons incubated with 10 and 100 ng/mL GM-CSF for 10 minutes, or in the presence of 1 μMol/L p38 MAP kinase inhibitor (IC~50~ = 35 nM, 2-(4-chlorophenyl)-4-(4-fluorophenyl)-5-pyridin-4-yl-1,2-dihydropyrazol-3-one, Calbiochem 506126; MerckMillipore, Hertfordshire, United Kingdom), or 12 nMol/L TrkA inhibitor GW 441756 (IC~50~ = 2 nM, 1,3-dihydro-3-\[(1-methyl-1*H*-indol-3-yl)methylene\]-2*H*-pyrrolo\[3,2-*b*\]pyridine-2-one, \#2238; Tocris, Bristol, United Kingdom). Neurons were stimulated with a test dose of 200-nM capsaicin to identify capsaicin sensitivity, followed by washout and a second capsaicin stimulus of 1 μM after 40 minutes; the ratio of the second response to the first was calculated to determine the effect of repeat stimulation (tachyphylaxis). A separate group of neurons was preincubated with GM-CSF alone or after 10-minute incubation with p38 MAPK inhibitor or TrkA inhibitor as mentioned above. For each neuron, responses were measured as the difference between baseline and peak ratio change, the second capsaicin response was normalised to the first response, and the average was calculated for each group. The Student *t* test was used to compare data from the separate groups, with \**P* \< 0.05 considered statistically significant, \*\**P* \< 0.01 and \*\*\**P* \< 0.001.

3. Results {#s3}
==========

Human tissue data presented in this study were obtained using the rabbit polyclonal C-18 or the mouse monoclonal 4H1 anti--GM-CSFR antibodies, both immunostained microglia in human spinal cords and neurons in DRG and nerves, optimally at dilutions of 1: 2000 to 4000 and 1:10 to 25, respectively.

3.1. Human spinal cord {#s3-1}
----------------------

Granulocyte-macrophage colony-stimulating factor receptor--immunoreactivity was observed with both antibodies in microglia-like cells in the human spinal cord and was increased at lesion sites in MS spinal cords (Fig. [1](#F1){ref-type="fig"}A, B and supplementary Figure 2, available at <http://links.lww.com/PR9/A30>). In the MS spinal cord, image analysis showed a substantial increase at the site of lesion in the dorsolateral white matter compared with controls (\**P* = 0.012), as did CD68 (\*\**P* = 0.009; Fig. [2](#F2){ref-type="fig"}). There was no difference in GM-CSFR--immunoreactivity in the GM, ie, in the ventral horns, or in the NAWM, ie, in the dorsal columns, compared with controls. CD68-immunostaining had a greater positive % area compared with GM-CSFR (Figs. [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}).

![Granulocyte-macrophage colony-stimulating factor and CD68 in the MS spinal cord. Granulocyte-macrophage colony-stimulating factor immunoreactivity (A--F), and CD68 immunoreactivity (G--L), in MS (A--C and G--I) and in the control spinal cord (D--F and J--L). DC, dorsal column; DLWM, dorsolateral white matter, lesional site; GM, gray matter; GM-CSFR, granulocyte-macrophage colony-stimulating factor receptor; MS, multiple sclerosis; NAWM, nonaffected white matter; VH, ventral horn. Scale bar = 100 µm.](painreports-3-e676-g002){#F1}

![Co-localisation studies of GM-CSFR and CD68 in the spinal cord. Double-staining of GM-CSFR (black/brown) and CD68 cells (red) in (A), the MS spinal cord. Scale bar = 50 µm. Image analysis of GM-CSFR in human spinal cords, bar charts (mean ± SEM) of GM-CSFR (B) and CD68 (C) immunoreactivities, in control (clear bars) and the MS spinal cord. DC, dorsal column; DLWM, dorsolateral white matter, lesional site; GM, gray matter; GM-CSFR, granulocyte-macrophage colony-stimulating factor receptor; MS, multiple sclerosis; NAWM, nonaffected white matter; VH, ventral horn.](painreports-3-e676-g003){#F2}

3.2. Avulsed and control human dorsal root ganglia {#s3-2}
--------------------------------------------------

Granulocyte-macrophage colony-stimulating factor receptor-like immunoreactivity was noted in both postmortem control DRG and avulsion-injured DRG (Fig. [3](#F3){ref-type="fig"}). The GM-CSFR--immunoreactivity was observed mainly in neurons of ≤50 µm diameter (c. 30%) and also in some larger neurons (c. 10%). Avulsion-injured DRG were not significantly different from control DRG.

![Granulocyte-macrophage colony-stimulating factor receptor is expressed in DRG neurons. Control (panels on left) and avulsed DRG (panels on right) immunostained for GM-CSFR (A and B), macrophage marker CD68 (C and D), and neurofilaments/peripherin cocktail (E and F). Scale bar = 200 µm. DRG, dorsal root ganglion; GM-CSFR, granulocyte-macrophage colony-stimulating factor receptor.](painreports-3-e676-g004){#F3}

3.3. Nerves {#s3-3}
-----------

Granulocyte-macrophage colony-stimulating factor receptor staining was observed in the control nerves, painful injured nerves, and neuromas. Neurofilaments cocktail staining was also performed in serial sections, along with CD68 (Fig. [4](#F4){ref-type="fig"}). Image analysis (Fig. [4](#F4){ref-type="fig"}J--M) showed that there was a substantial and highly significant decrease of GM-CSFR--positive axons in the injured nerve and neuroma groups. Granulocyte-macrophage colony-stimulating factor receptor--positive immunoreactivity was decreased by c. 80% in injured painful nerves (\*\**P* = 0.0043) and by c. 90% in the painful neuroma group (\*\**P* = 0.0043). The ratios of GM-CSFR:neurofilaments cocktail (Fig. [4](#F4){ref-type="fig"}L) were also markedly reduced in the injured nerve group (\*\**P* = 0.004) and neuroma group (\*\**P* = 0.004).

![Granulocyte-macrophage colony-stimulating factor receptor expression in peripheral nerves. Control nerves (panels on left), neuromas (middle panels), or injured nerve (panels on right) immunostained for GM-CSFR (A--C), macrophage marker CD68 (D--F), and with neurofilaments/peripherin cocktail (G--I). Scale bar = 100 µm. Image analysis of nerve immunostaining. Bar charts (mean ± SEM) for GM-CSFR (J), neurofilaments/peripherin cocktail (NF) (K), ratios of GM-CSFR:NF (L), and CD68 (M). GM-CSFR, granulocyte-macrophage colony-stimulating factor receptor.](painreports-3-e676-g005){#F4}

3.4. Synovium {#s3-4}
-------------

In normal joint synovium, little or no GM-CSFR immunoreactivity was observed, and few CD68-positive bipolar resting macrophages were noted (Fig. [5](#F5){ref-type="fig"}A, B). By contrast, in painful OA synovium, the GM-CSFR immunoreactive cells (Fig. [5](#F5){ref-type="fig"}C, E) resembled larger activated CD68-positive macrophages (Fig. [5](#F5){ref-type="fig"}D) and not T cells marked with CD3 (Fig. [5](#F5){ref-type="fig"}F). Image analysis comparison of GM-CSFR in control and painful OA synovium was not performed, given the little or no immunostaining in control synovium.

![Granulocyte-macrophage colony-stimulating factor receptor--immunoreactivity (A) and CD68-immunoreactivity (B) in normal joint synovium. Scale bar = 100 µm. Granulocyte-macrophage colony-stimulating factor receptor immunoreactivity in painful OA synovium (C and E), macrophage marker CD68 (D), and T-cell marker CD3 (F). Scale bar = 50 µm. GM-CSFR, granulocyte-macrophage colony-stimulating factor receptor; OA, osteoarthritis.](painreports-3-e676-g006){#F5}

3.5. In vitro studies {#s3-5}
---------------------

Double immunofluorescence studies showed that adult rat cultured DRG neurons were uniformly positive for PGP9.5 expression, with a subset of neurons coexpressing GM-CSFR in mostly small diameter neurons and some large diameter neurons (Fig. [6](#F6){ref-type="fig"}A--C). Of 1143 PGP9.5-positive neurons, 193 neurons were GM-CSFR--positive (17 ± 1.7%). Similarly, double immunofluorescence showed that out of 1384 TRPV1-positive neurons, 354 were GM-CSFR--positive (27 ± 3.3%). A small proportion of GM-CSFR--positive neurons was not positive for TRPV1 (Fig. [7](#F7){ref-type="fig"}D--F).

![Granulocyte-macrophage colony-stimulating factor receptor expression in rat DRG neurons. Immunofluorescence in cultured adult rat DRG neurons showing co-localization of PGP9.5 (A, red) and GM-CSFR (B, green) appearing yellow in the merged image (C, yellow, single arrows); Double arrowheads indicate neurons positive for PGP9.5 (red in A and C) but negative for GM-CSFR (B, green). Co-localization of GM-CSFR (D, green, single arrows) and TRPV1 (E, red), appearing yellow in the merged image (F), and phase contrast image (G). Asterisks indicate neurons that are negative for GM-CSFR and TRPV1. Double arrowheads indicate GM-CSFR--positive neurons (D and F), but TRPV1 negative (E). Scale bar in (A--C = 100 µm and D--G = 50 µm). DRG, dorsal root ganglion; GM-CSFR, granulocyte-macrophage colony-stimulating factor receptor.](painreports-3-e676-g007){#F6}

![Sample trace of response to 200 nMol/L capsaicin (A), followed by washout and smaller response to 1 μMol/L capsaicin (B) in a vehicle-treated DRG neuron. Similar trace of response to 200 nMol/capsaicin in another neuron (C) and enhanced response to 1 μMol/L capsaicin in the presence of 100 ng/mL GM-CSF (D). The scale bar in (A--D) indicates the time in seconds on the x-axis and the 340/380 ratio change on the y-axis. Graph of dose-related enhancement of capsaicin responses due to GM-CSF (E) and its reversal in the presence of the MAPK inhibitor and TrkA inhibitor (F). DRG, dorsal root ganglion; GM-CSF, granulocyte-macrophage colony-stimulating factor. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](painreports-3-e676-g008){#F7}

Calcium imaging showed that the second capsaicin response (1 μMol/L) in vehicle-treated neurons was reduced compared with the first response, due to repeat stimulation (tachyphylaxis) as expected (Fig. [7](#F7){ref-type="fig"}A, B) (69.3 ± 3.7%, n = 18 neurons). However, the second capsaicin responses were significantly enhanced after 10-minute incubation with GM-CSF, in a dose-dependent manner, to 127.5 ± 8.7% with 10 ng/mL GM-CSF (n = 15 neurons, \*\**P* \< 0.01), and to 141 ± 4.2% with 100 ng/mL (n = 19 neurons, \*\*\**P* \< 0.001) normalized to vehicle-treated controls (Fig. [7](#F7){ref-type="fig"}C--E). The sensitization due to 100-ng/mL GM-CSF was abolished in the presence of 1 μMol/L p38 MAPK inhibitor, which reduced the second capsaicin response to 106 ± 7.3% (n = 19 neurons, Fig. [7](#F7){ref-type="fig"}F), and 12 nMol/L TrkA inhibitor GW441756, which reduced the capsaicin responses to 83 ± 6.7% (n = 18 neurons, \**P* \< 0.05, Fig. [7](#F7){ref-type="fig"}F).

4. Discussion {#s4}
=============

This study examined the expression of GM-CSFR as a pain treatment target in a range of human CNS and peripheral pain conditions. The tissues studied included MS spinal cord, injured DRG, peripheral nerves, and OA synovium, with characterized antibodies including their specificity. We also determined the expression of GM-CSFR in cultured adult rat DRG neurons, and the functional effects of its ligand GM-CSF on neuronal sensitivity to capsaicin, with elucidation of the signalling pathways involved.

Our findings demonstrate the expression of GM-CSFR in infiltrating peripheral macrophage and/or microglia-like cells in the gray and white matter of control human spinal cords, which was significantly elevated in the areas of white matter lesions in MS spinal cords, corresponding with CD68 labelling, but not in neurons or nerve fibres. The CD68 antibody (clone EBM11) stains mainly macrophages in a wide variety of human tissues and has been reported to also stain antigen-presenting cells, peripheral blood monocytes, large lymphocytes, and basophils and mast cells. Thus, further work is required to confirm the inflammatory cell(s) of GM-CSFR in the MS spinal cord. Although we^[@R48]^ and others^[@R15]^ have previously described CD68-positive macrophages in the demyelinating lesions in MS, this is the first report of GM-CSFR expression in the macrophages/microglia in the human MS spinal cord. Classic neuroinflammatory diseases such as MS are characterized by the focal influx of inflammatory cells into the CNS, and the cytokines secreted by these cells lead to further inflammation, tissue destruction, and neurological impairment.^[@R15]^ Macrophages are a known source of GM-CSF and may contribute to pathogenesis and pain.

In brain MS lesions, GM-CSFR was reported in activated microglia and perivascular macrophages^[@R45]^ but not by T cells, in contrast to murine studies where the GM-CSF produced by T cells was important in the development of experimental autoimmune encephalomyelitis.^[@R35]^ Widespread GM-CSFR expression, co-localized with GM-CSF, was also reported in the rat, mouse, and human brain, which was upregulated after ischaemia.^[@R39]^ In the human brain, the expression of GM-CSF and its receptor has been reported in neurons, astrocytes, and ependymal cells, with marked reduction in the diseased hippocampus of Alzheimer\'s disease brain.^[@R37]^

Granulocyte-macrophage colony-stimulating factor is associated with neuroinflammation and degeneration, as GM-CSF overexpressing mice demonstrate macrophage accumulation and severe inflammation with widespread degenerative changes in a variety of tissues, including the retina, cornea, pleural and peritoneal cavities, and premature death with muscle wasting due to accumulation of macrophages.^[@R31]^ The very high levels of CD68- and GM-CSFR--expressing macrophages/microglia in white matter lesions of spinal cords observed in our study and others, combined with elevated GM-CSF levels in the CSF of patients with MS,^[@R46]^ could contribute to the degenerative changes and associated pain in MS. The efficacy of GM-CSF antagonism in several autoimmune and inflammatory preclinical disease models, including inflammatory arthritis,^[@R16]^ is expected to extend to inflammatory diseases of the CNS.^[@R46]^ Lymphocytes and myeloid cells mediate tissue damage by secreting cytokines; interleukin-1 β (IL-1β) and IL-6 can be sensed by cells in the inflamed CNS and are central to the inflammatory process; IL-23 is sensed by tissue-damaging T cells and promoted by GM-CSF.^[@R7]^ A GM-CSFRα--specific monoclonal antibody was well tolerated in early-phase clinical trials in RA, with impressive clinical responses including pain relief^[@R46]^; mavrilimumab, an anti--GM-CSFR mAb, is now in phase IIb clinical trials for RA.^[@R12]^ This is the first report of GM-CSFR immunoreactivity in human DRG neurons, mainly in the small diameter nociceptive neurons of normal and avulsed DRG, and in a small proportion of large diameter neurons. These findings are similar to GM-CSFR immunoreactivity in mouse DRG neurons.^[@R40]^ We found a small decrease in DRG expression levels after avulsion injury (similar to central axotomy), but this was not statistically significant. Granulocyte-macrophage colony-stimulating factor receptor expression is reported to be negatively regulated by receptor internalization after ligand binding in normal human neutrophils, as GM-CSF, tumor necrosis factor, formyl-Met-Leu-Phe, and agonists of PKC downregulated neutrophil GM-CSFR expression after 2 hours of exposure at biologically active concentrations.^[@R14]^ A similar mechanism may explain the mildly reduced GM-CSFR expression observed in avulsed DRG neurons, due to the presence of inflammatory cytokines after DRG and associated nerve root injury.

Our observation of GM-CSFR expression in peripheral nerves is in agreement with previous reports on sensory nerves in normal pancreas and pancreatic carcinoma. Injured nerve--derived fibroblasts but not Schwann cells produce significant amounts of GM-CSF, from 4 hours after injury until at least 2 weeks in mice,^[@R38]^ activating macrophages and Schwann cells, and inducing phagocytosis of myelin to regulate Wallerian degeneration.^[@R8],[@R23]^ However, marked decreases in GM-CSFR expression were observed in the axons of chronically injured nerves and painful neuromas compared with uninjured nerves in our study, and while CD-68--positive macrophages were increased, these did not appear to express increased GM-CSFR. This may reflect differences between acute models of injury in mice with contrast to chronic nerve injury in humans. We have previously reported differential expression by macrophages over time in injured human nerves; while macrophages infiltrated injured nerves within days of injury, they expressed increased Cox-2-immunoreactivity only from 2 to 3 weeks after injury, which reached a peak at 4 to 6 weeks, and was then persistently increased in painful neuromas for years.^[@R20],[@R21]^ A similar time course of changes was found in the rat chronic constriction injury model, both in the injured nerves and ipsilateral dorsal spinal cord. Using \[11C\](R)-PK11195, a sensitive in vivo marker of microglial cell activation and positron emission tomography, we provided first evidence in patients that limb nerve injury induces an increase of activated microglia in the contralateral thalamus for years.^[@R6]^ The expression of GM-CSFR in the activated CNS microglia is not known in patients with peripheral nerve injury and could be a therapeutic target for neuroinflammation and pain.

Granulocyte-macrophage colony-stimulating factor receptor immunostaining was absent in normal synovium, but greatly increased in OA synovium, and associated with activated macrophages. Similar findings have been previously reported in synovial tissue from patients with RA and psoriatic arthritis, with increased expression of CD68-positive macrophages co-localized with GM-CSFRα.^[@R25]^ Locally acting GM-CSF reportedly upregulated macrophage-/monocyte-derived dendritic cell numbers through GM-CSFR signalling, and administration of a neutralizing anti--GM-CSF mAb ameliorated antigen-induced arthritis and inflammatory responses.^[@R12],[@R16]^ The presence of GM-CSFR in macrophages of OA synovium provides a potential treatment target.

Granulocyte-macrophage colony-stimulating factor receptor expression and neurite-promoting effects of its ligand GM-CSF have been described in cultured mouse DRG neurons^[@R40]^ and superior cervical ganglion neurons through a nerve growth factor (NGF)-independent MAPK activation pathway.^[@R28]^ Our findings of GM-CSFR expression in nociceptive small-/medium-sized cultured rat DRG neurons are in agreement with reports in mouse DRG neurons.^[@R40]^ Although most but not all GM-CSFR--positive neurons coexpressed the TRPV1 receptor, some were negative for TRPV1, representing the nonpeptidergic IB4-positive neuronal population; we have previously shown increased TRPV1 expression in DRG neurons due to the presence of increased neurotrophic factors, used in this study, and as observed in conditions of chronic pain.^[@R2]^ TRPV1 is the noxious pain receptor activated by H^+^, temperature above 43°C, capsaicin, the hot ingredient of chilli peppers,^[@R27]^ and is modulated by inflammatory mediators and growth factors.^[@R1],[@R2],[@R9],[@R32]^ Capsaicin stimulation results in sustained calcium influx in TRPV1-expressing neurons, which underlies pain perception and signalling.^[@R19]^

Although GM-CSF did not directly activate calcium influx in cultured DRG neurons, it caused TRPV1 sensitization in a dose-dependent manner, similar to GM-CSF--mediated sensitization of mechanical and capsaicin responses in mice.^[@R40]^ These effects are rapidly induced through activation of the MAPK pathway. Granulocyte-macrophage colony-stimulating factor--mediated sensitization was reversed by the p38 MAPK and TrkA inhibitors. Our results suggest that GM-CSF effects are additive or synergistic to those of NGF and glial cell line--derived neurotrophic factor, which are included in our in vitro model of hypersensitivity,^[@R2]--[@R4]^ through activation of p38 MAPK and TrkA signalling pathways, similar to the effects of angiotensin II--mediated neuronal sensitization through the AT~2~ receptor.^[@R4]^ TRPV1 and p38 MAPK activation both require serine/threonine phosphorylation,^[@R10],[@R41]^ and as GM-CSF phosphorylates p38 MAPK,^[@R44]^ this mechanism is likely to contribute to GM-CSF--mediated neuronal sensitization seen in our study, being sensitive to p38 MAPK inhibition. Nerve growth factor is also known to sensitize TRPV1 by p38 MAPK activation,^[@R26]^ providing convergence in the TrkA and GM-CSF signalling pathways. Inhibition of GM-CSF--mediated neuronal sensitization by the TrkA inhibitor, observed in our study, is in agreement with previous reports of GM-CSF signal transduction involving activation of a tyrosine kinase.^[@R24]^ Thus, in inflammatory conditions, the presence of abundant GM-CSF producing macrophages potentially contributes to tissue damage and ongoing pain caused by neuronal sensitization. The co-localization of GM-CSFR with TRPV1 in small nociceptive neurons, combined with GM-CSF--mediated hypersensitivity, implicates this receptor as an important target for neuroinflammatory pain.

In conclusion, we provide novel information about the differential expression of GM-CSFR in macrophages in MS spinal cord lesions, injured human DRG and peripheral nerves, and OA synovium. The coexpression of GM-CSFR with TRPV1 provides a mechanistic basis for neuronal sensitization through p38 MAPK and TrkA pain signalling pathways.
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